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MASGACHUSET?S INSTITUTE OF TECEHOLOGY 
Pepartment of Mechanical Engineering 
GCembridce 39, Hass,., U.S.A. 


Room 1-202 
September 2h, 19'6 


Captain W, hh. Burac«ser 

Room 5-233 

Massachusstts Institute of Tecknology 
Cambridge 39, Massachusetts 


| Theais Wor< of LT E. L. PERRY, usc? ~&——@r 
LY UL. W. Ao RENSHAW, USCa 
ICDR Wo Wo SIMONS, JSN 
LCDR J. S. BOWEN, USH 


Dear Captain Burecks?: 


Tac thesis ty Lieutenants E, LL. Perry and L, W, A. 2ensnew 
entivled “Schlieren Ohoservation of Supsrseric Disshargo' 
presents pressure measuremsnts and Echlieren photograph: of 
supersonic cureéme cisch2rging inte an exheust space untsr 
various concitions. The pkotograshs show interesting dr sai. 
which in general > te analytical resvlt3. Tot mogs 
Significant cbservasion wag a comparison of two eupersor ic 
strasms alike in aed conditions but differing in th cknese 

of the bouncary layor. The effect of boundary-layer th thnesd 
on the nature of the shock pattern is ahown clearly, 


The thesis by Li... Cyndre® W, W. Simons and J, S&S. Bowen 
entitled "Tavestication of the Condensatien Shock in Age by 
Use of the Schlieren Metnood" presents pressure mansurem: its 
and Schlieren photogiaphs of the shock patterns when warer 
vapor in air condenass to form a Soy of liguid or solid 
particies, It has ertenied our knowledge of the conditions 
which con+rcl condensation and of the condsnsasion shee. whics 
accompanies it. 


From cither of these theses a saper cculd be preper:d 

which would be published in one of the journals of the 

professional societies. | 
Yours traly, 


/3/ Joseon H, Kuenan 


Joseoh HE. Keenan 
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WASSACHUSETTS INSTITUTE OF TICHNCLOGY 
77 Massachusetts Avenve 
Cambridge, Massachusetts 


September 15, 1946 


Professer Joseph 5, Kewell 
Secretary of the Faculty 
Massachusetts Institute cf Technology 
77 Kassachuesstis Averme 
Camteidga, Massachusetts 
Dear Profeszor Newell: 

Nerewith we submit our theais emtitled "Schlieren 
Observation of Supersonic Discharge" in partial fulfillment of the 
requirements for the Degree cf Mester of Sclenee in Naval 
Gonstruction aml Engineering at the Massachusetts Institutes of 


Technology. 
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This work was undertaken to observe the effect on the discharye 
phenomenon of a supersonic air stream due to a change in Mach Number 
end a change cf bomdéary layer thickness at constant Mach Nusber, 
Two (2) two~-dimensional nozzles were designed using the Prenitl Theory, 
ene having a Mach Number of 1.85 aml the other a Mach Nunver of 1.39. 
A third noszle was formed by adding a lenght cf straight tube te the 
profile of the first nozzle to bring tho Mach Number dowm to 1.59 
frieticn, Ali nozzles were designed for the same flew per unit area 
in the exit, | 

A comparison of the discharge of the first and second noazsles 
shoul shew the effect cf Mach Nuwaber, whereas a comparison ef the 
secend and third nozzles should show the effect of boundary layer 
thickness. The comparisons were made by Schlierea photographs and 
pressure measurements by mercury manometers at a point one eighth (1/8) 
inch from the exit cf the noszle and ia the diecharge chamber, It is 
noted that the nozzles were mounted perpendicular to the kmife edge 
in the apparatus, 

The results of the first comparison are net too conclusive, 
Further ctudy in this line is recomenied, The secom] comparison 
shows i:bat a thick boundary layer cannot support anything resembling 
a transverse shock whereag a thin boundery leyer will. Pressure 
Beagurenent revealed that even in the thinest boundary layera we 
were able to chiain there was no abrupt rise in pressure in the exit 
of the — - like that expected in frictionless flow - as the 
exhaust preseure was increased. It 1s pointed out that the pressure 
Was measwred at the wall at a point eme eighth (1/6) inch from exit. 
The photographs show that as the exheust pressure is increased, the 
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oblique shock tends to creep back from the exit. This is chewn in 
Figures VIII, 1% ami X, The gradual rise in exit pressure shom vy 
our meastrements may be due to this creeping back of the oblique 
shock over the pressure tap. Figure I shows that there were slight 
discentiuities in the presswre curve fox the high Mach Number 
discharge. The photographs in thie region - Figures XI, XII end 
XIII = depict this instability in the flew. 

It 4s recomended thet furtier work of this nature be carried 
gut with the nozzles neunted parallel te the knife eige of the 
Sehiieren apparatus in erder to observe more precisely the 


contribution ef the boundary layer to the discharge phenomena. 
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The academic interest in the flew of fluids at supersonic 
velocities has recently cecoma cf practical inpertance due to the 
davalopeent of gas turbines ete. The theory of the manner in 
which a supersonic stream from a nozzle or tube adjusts itself te 
the pressure in the exhaust apace ts well developed, 

This werk proposes to investigate and observe by Schlieren 
methods of sography the manner in which such adjustments are 
accomplished ani the effects of a4ffarent Mach Numbers and different 


bounlary layer thicknesses on the phenomena. 
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PLOCEUNE 


Three (3) two-dimengional noszles wore designed, These were 
fitted with plane glievs sides so that the flow jn the exit am! 
discharge chamber could be observed by a Schlieren apparatus. The 
first of these nowsies (designated Nozzle #1 and shown in Figure 
XXXVI, Apvendix B) wes designed to have as little layer 
as possible ani a Mach Number of 1.85, The second nozzle (designated 
Nozzle #2 and shown in Figure XXXViII, Appendix B) was designed for 
the seme flew per wit area at the exit and a Mach Number of 1.39. 
A compsrisen of these two noszles should shew some effect of Mach 
Number chamge on the discharge. The boundary lnyer shorld be small 
in each since they are very short. 

To compere the discharge at the seme Mach Number and different 
beandeary layer thicknesses a straight portion was added te tha 
contour of Megzle #1 tc reduce the Mach Rusber by friction to the 
seme value as that of Negzle #2 - (1.39). It was anticipated that 
some edjustmont of the length cf the straight portion would have 
to be made te bring the Mach Number to 1.39. This was Inter four 
te be the case, 

The laboratory procedure consisted! of mowuting the nozales 
in the Schiieren apperatus and taking suction with a ateam jet alr 
ejecter, Air at room temperature and atmospheric pressure was used 
as supply to ell the noszlesa, It is noted that in order to mintain 
the seme flow per unit area for Nozzle #2, a specinlly designed 
reducing fitting shown in Fifure XXXIX was used to reduce the inlet 
pressure 40 two thirds (2/3) atmosphere, 

Sterting with the lewest pressure we could cttain in the 
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digcharge the exhaust pres#ure was allowed to increase in steps 
until the preusure shocks were seen to move back into the negsle. 
Readings ef the exheust pressure and the pressure one eighth (1/8) 
4nch upstream from the axit plans were made by mercury manometer 
awl reesrded. Photographs were mate at each step using the 
Edgerton Flash Unit degeribed in Reference (1). Graphs of exit 


pressure vs exhaust pressure were plotted, 
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The resulta of the experiment are shown in Figures I to XXXV, 

A comperison of Figure I and Figure ITI would imiieate that a 
phenomenon more closely approaching a thecretical transverse shock 
is found in ficw at higher Mach Humber, The treak in the pressure 
eurve for Nozzle #1 (Mach Nweber 1.85) at an oxhaust pressure of 
about 240 um Hg. is mich more pronmmescd than fer any in the curve 
fer Nozzle #2 (Mach Number 1.39). Examination of Figures X, XI 
ami XII shews some instability of the discharge at the instant the 
shock oceurs at the exit of the nozzle for the higher Nach Number, 
No sueh instability was cbserved at the lower Mach Number (1.39). 
Figures XXV, XXVI and XXVII show, however, hat appears to be a 
transverse shock at the lower Mach Number, It is believed that the 
comparatively smcoth pressure curve for Nozzle #2 is caused by the 
length of the shock. Apparently the fiew separates from the tubs 
wall near the exit and the shock passes smocthly up the nozzle as 
the exhaust pressure increases 3 whereas at the higher Mach Number 
the shock is much shorter ani the flew lees stable. We were unable 
to stop the sheck in the exit cf this nozzle, 

Umier ell conditions the pressure in the stream adjusted 
itself to a lower exhaust pressure by the expansion weices expecta 
from the Meyer Theory of flow aroun! a corner. This is shom in 
Pigures IV, XXII ami XXVIIZ. Small and moderate adjustments toa 
higher exhaust pressure were made in all cases by the medium of 
an oblique shock, There was a2 tendency for the cbhlique sheck to 
creep back into the nosale as the exhaust pressure increased, It 
is observed that this tendency became very prenounce’ in the cane 
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of the thick boundary layer. It is pessibie that the gradual rice 
4n the observed exit pressure as the exnaust pressure is increesed 
4a due to the oblique shock creeping back over the pressure tep 
which fe lecated one eighth (1/8) inch from the exit, Im that event 
the observed pressures ere probably not the true presouwres in the 
center of the atream at exit. 

A comparisen cf Figure II and ITI show a marked similerity 
in the presaure relations of the two diechargea at the same Mach 
Wumber (1,39) but different boundary layer thicknesses, It is 
noted thet the curve for Nozzle #3 with a thick bouniary layer is 
displaced to the right by about 15 mm Hg. on the exhaust pressure 
scale, 

The mechaniem by which the pressure in the stream adjusts 
itself to a considerably higher exhaust pressure is shown in Figures 
XXXTT te KXXXY and Figures XXIV to XXVII to be somewhat different 
in these two cases. In the ease of the thick boundary layer Figures 
XXXII to XXX¥ show that nothing resembling a transverse shock 
occurs. Instead, the boundary leyer, which is subsenic, appears 
to increase in area while the supersonic stream decreases in area; 
thus the pressure rises to that of the exhaust chamber, The 
Oblique shecks which are set up and reflect downstream appear to 
criginate at the point where contraction of the supersonic stream 
begins. It is possible that this apparent enlargement cf the 
boundary Layer cross section is actually a flow separation fren 
the wall, The observation that this phenomenon occurs only in the 
ease with thick boundary layer supports the former assumption, 
however. 

It is recommended that further werk on this point be carried 
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out with the noszle mounted perallel to the kmife edge of the 
Schlieren apparatus so that a better idea cof what ia geing on in 
the boundary layer may be obtained. . 

In the case cf the thin boundary layer no such separation or 
enlargenent is cbserved. What appears to be a transverse shock with 
perhaps a little separation is shown in Figures XXiv to XXVIT, 

Investigation of the effect of Mach Itmber on the discharge with 
thiek boundery layer is also recemmenmied. It would be interesting to 
make observations at a Mach Yamber of 1.59 and with a boundary layer 
intermediate in thickness between the two cases used in this work, 

As is noted in Appendix A the length of straight tube necessary 
to reduce the Mach Number of Nozzle 1 to thet of Nozzle 2 was calewdated 
to be 10.35 inches. Actual experinent revealed that this value should 
be 6,62 inches ani the length was accordingly reduced to that value, 

Due to extremely low temperatures of the stream it was 
practically impossible te prevent the condensation of noisture on the 
outside surfaces of the glass plates. This resulted in smudges 
similar te those shown in Figures IX, X, XXVIII and XXX, 
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FIGURE IV tossle #1 Py = 7h Flash 
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FIGURE XVII 
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FIGURE XXIII Nozzle #2 Flash 
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FIGURE XXIV ‘ozale #2 Pie 156 Flash 
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FIGURE XXVI Nozzle # 
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FIGURE XXTX Nessie #3 2. « 113 od, Flash 
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FIGURE XZXI fozzle #3 P. - 197.3 Flash 
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FIGURE XXXII Nosale #3 Po. = 213.4 Flash 
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FIGURE XXXIII Nozzle #3 P, = 238.4 Flash 
P, - 198.4 








PIGURE XXXIV Rouzle #3 P. = 261.4 Flash 
P, @ 225,4 





FIGURE XXxyv Nozzle #3 P. = 300.4 Flash 
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Regardiees of Mach Number, in supersonic flow the rise 
of presse in the exit plane of a practical nozzle is not 
suddem (in accordance with the theoretical relation) but 
eccurs slowly over a considerable range of exhaust chamber 
pressure, 

With thick beundary layer the flow will not suppert 
anything recembling a transverse shock, 

Thickness of beundary layer kas the controlling 
influence on the mechanism by which a supersonic strean 
adjusts itself to the pressure in the exhaust chamber, 

It is recemmended that further work in this line be 
carried out with the nozzles mounted parallel to the knife 
eige of the Schlieren apparatus wider the following 
conditions: 

(a) Use noazles #1 and #3 of Appendix B. 

(b) Use a nozzle with a tube approximately three (3) 
inches long at a Mach Number of about 1.39 at exit. 

(c) Use a nozzle with a tube approximately six (6) 
inches long at a Mach Number of about 1.85 at exit. 

It is also receamended that investigations of the effect 
of flow per unit area at the same Mach Number upon the 
discharge phenomena be carried out, 
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Reference (3) illustrates that a good shockless nozzle may be 
designed by the use of the Prandtl Theory; therefore it was decided 
to use this methed as the besis of the nozzle design, The nozzle 
design was merely e reproduction of the work of Reference (3) bvt 
using different erea ratios, A theoretical pressure ratio of .10 
was chosed for the besic nogzle (Figure XXXVI, Appendix B) with 
an angle of divergence of WU, 15'. The theoretical Mach number at the exit 
of this nozzle is 2.152 based on k = 1.400. The area ratio is 1,9307. 
A velocity coefficient of .95 was assumed and the actual Mach number 
calculated to be 1.865 with a pressure ratio of .124. 

It was desired to investigate the effect of Mach number with 
approximately constant boundary layer thickness on the discharge 
pheromens, | To accomplish this a second nozzle (Figure XXXVII, Appendix 
B) was designed with an area ratio cf 1,287. In order to maintain the 
same flow per unit area at the exit of the two nozzles the inlet 
pressure in this nozzle was reduced to two thirds (2/3) of an 
atmosphere by a specially desicned adjustable fitting (Figure XXXIX, 
Appendix B). With an assume velocity coefficient of .95, r was 
calculated as .275 and the Mech number at exit es 1.39. In erder 
to keep both nozzles the same length the angle of divergence was 
reduced to six (6) degrees. I+ was believed that any differences that might 
be caused by this change of angle of divergence would *e less than 
those caused by a change in length which would affect the boundary 
layer. 

In order te observe the effect of boundary layer thickness 
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en the discharge phenomena fcr the same Mach number at exit, it mas 
decided to add to the basic nozzle (Nozzle 1) a straight constant 

area section of such lencth as to reduce the Wach number of Rozzle #1 
(1.85) to the Mach number of Nozzle #2 (1.39), To eliminate the 
possibility of shock formation at the jumctien of the nezzle and tube 
it was decided to fabricate arcther rozzle sitiithe atraignt portion 
integral with the nozzle iteelf (Figure XXXVIII), By use of data 
obtained from Referance (6) the length of tube necesmtry was calculeted 
to be 10.35 inches, This figure was regarde? as highly approximete due 
to the use of a two dimensional tube insteud of the circular seetion upon 
which the data of Reference (6) is based. 

Prevision was mede for pressure measurement by mercury manometer 
at a point one cighth (1/8) inch from the nozzle or tube exit and 
in the discharge chauver of all nozzles by a .020 imch diameter hole 
in the steel centour, 

All pictures were taken with the axis of the nozzle perpendicular 
to the knife edge of the Schlieren apparatus described adeauately 
in Reference (1), 

The pictures designated Tlash" were made by using the Pdgerton 
Flash Unit aleo described in Peference (1), This gave an exposure 
time of approximately .5 x 107° seconds. A few pictures were taken 
using a steady light seurce and pn exposure time of 1/80 seconds, 
te shew the difference in detail of pictures obtained by the use ef 
the two different methods, 
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TABie 
PRESSURE READINGS, NOZZLE I 19 JULY, 1946 





Po < Frbaust Chanber Pressure, Wa, Fig » 
P. © Pressure in Exit of Nozzle, mia. ig. 
Pa g Noasle Inlet Pressure, Atmospheric 


T, = Inlet Temperature, Degrees F. 


Pe Po Fe "1 
7h 95 761.2 g5 
95 95 
116 99 
133 104, 
153 109 
169 116 
181 122 
196 131 
220 136 
241 197 
260 228 
287 230 
324 289 
370 BAL 
hak, 407 
4,73 464, 
527 520 
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TABLE IY 
PRESSURE FEADINGS, NOZZLE # 2 


P. = Exhaust Chamber Pressure, ma. Hg. 
Po 2 Pressure in Exit of Nossle, ma. lg. 
Py = Nozzle Inlet Preseure, mn, Hg. 

FP, 3 Atwospheric Preesure, am, lig. 

Tz & Nesale Inlet Temperature, Degrees F, 


P. Po PY 

71 133 502 
86 433 502 
94, 133 502 
LIS | 133 502 
132 133 502 
LAL 138 5Cz 
L521 143 502 
171 146 52 
183 150 52 
192 155 502 
211 178 502. 
217 186 502 
RAL, 227 502 
296 285 502 
340 338 502 
418 AL7 5@2 
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PRESSURE READIWIS, NODZLE #3 22 JUIN, 1946 
P, = Exhaust Chamber Pressure, mm. Hg. 
Pa = Pressure at Bxit of Tube, ma. lig. 
Po = Pressure at Tube Inlet (Nossle Exit), me. Ng. 
P, * Nessie Inlet Pressure, Atmospheric 
qT = Inlet Temperature, Yegrees F, 
P. Ps Po Ps ty 
BGA 1354 93 at TEh of, 8S 
97 135 
113 135 
129 135 
14,0 135 
158 135 
185 137 
197 ui 
206 148 
213 156 
228 181 
238 196 
246 213 
225 
255 
300 267 
358 329 
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TANTS AY, 


Ay © Cress-sectienal Area at Throat 

A, * Cross-sections! Area at Exit 

r,, = Theeretical Ratio of Exit Pressure to Inlet Pressure 
r, = Actual Ratio of Exit Pressure to Inlet Pressure 

i. = Theerotienl Mach thmber at Exit (¥rictionless Flew) 
M, = Actual Mach Sumber at =xit 

Cy = Assumed Velocity Coefficient 

w * Plow in Pounds ver Second 

G @ Flew per Unit Area at Exit, Founds per Squarefoot per Secon 
Ty = Inlet Temperature, Degrees F. 

P, = Inlet Pressure, Atmospheres 





ROESTICN MOLE G 2 NOLES 3 
Ar/A, 1.2870 1,9307 
r, 22200 24000 
r. 02750 21833 
M. 21520 1.6180 2.1520 
M . 1.2500 1.3900 1.3900 
C, 95 095 
Py 1.0000 06067 1.0000 
T 85 85 85 
t 0676 00676 20676 
25 2006 25 2000 25.2000 
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All ef the crigine! nozzle design calculations, photographic 
negatives, ami the nozzie profiles are in the possession of Wr, 
E. P. Newumamn of the Mechanical Engineering Department, Massachusetts 
Institute of Technology, 
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